Introduction
Fanconi anemia (FA) is the most common inherited bone marrow failure syndrome. First described by the pediatrician Guido Fanconi [1] , the clinical manifestations of this disease are a triad of aplastic anemia, predisposition to acute myelogenous leukemia (AML) and epithelial cancers, and congenital abnormalities. At the cellular level, FA is characterized by sensitivity to certain forms of DNA damage, most notably interstrand crosslinks (ICLs). This sensitivity is the basis for the diagnosis of FA, which involves a chromosome breakage assay in response to ICL-inducing agents such as mitomycin C (MMC) or diepoxybutane. The majority of FA patients exhibit abnormal physical findings. However, such findings may be absent or subtle, thereby presenting a diagnostic challenge.
Patients with FA are impaired in a pathway that repairs damaged DNA, and ICLs in particular. This defect is considered the major contributor to the disease state [2] . There are several reasons that support this statement. All FA genes identified to date have a demonstrable role in ICL repair. A DNA repair defect, which can be a cause of genetic instability, explains the cancer predisposition and ICL sensitivity seen in FA. Furthermore, experimental models have revealed that the bone marrow failure associated with the disease is caused by a response to genetic instability [3] .
In this review, we discuss recent investigations into the molecular pathogenesis of FA within a framework comprised of three parts: genes, modifiers and drivers (Fig. 1) . The discovery of new FA genes yields a more complete understanding of the canonical FA pathway, including insights into potentially targetable biochemistry and enzymology. By modifiers, we are referring to other metabolic and signaling pathways that influence cellular and clinical FA phenotypes. Finally, there is emerging evidence that certain FA genes have non-canonical functions outside of ICL repair that, when impaired, may also drive progression of the disease. For each part, opportunities with regard to the clinical management of FA are discussed.
The FA-BRCA pathway
The 21 FA genes identified to date indicate that FA is caused by defects in a common pathway that repairs DNA ICLs. While basic studies have identified numerous proteins that are involved in ICL repair, the designation of an FA gene requires its association with actual clinical cases of FA. For example, although previous studies of BRCA1 lead one to predict that its disruption would cause FA, only the identification of FA patients with a loss of BRCA1 permitted its designation as FANCS [4, 5] . The clinical heterogeneity of FA, especially with regard to the development of bone marrow failure, has led to debate over what genes qualify for FA designation. For example, distinctions between FA genes and atypical FA genes, or FA-like genes, have been proposed [6, 7] . These will not be emphasized in this review, because there is insufficient data to establish that disruption of FA-like genes cause a clinically distinct disease.
Typically, FA genes are categorized by their relationship to the monoubiquitination of two FA proteins, FANCD2 and FANCI, which form a heterodimer (the FANCI/D2 complex; Fig. 2 ). This grouping has both a molecular and a clinical basis. Eight FA genes encode proteins that comprise the multi-subunit ubiquitin ligase FA core complex that is responsible for the monoubiquitination reaction [8] . Because the majority of FA patients carry mutations in core complex proteins, FANCI/D2 monoubiquitination is impaired in greater than 90% of FA patients [9, 10] . FANCD2 monoubiquitination, in particular, is a critical modification that permits its recruitment to sites of DNA damage (a process known as foci formation) and the coordination of ICL repair by downstream FA proteins [11, 12] . It is therefore natural for FANCD2 monoubiquitination to have assumed a central position in the molecular biology of FA.
The FA pathway is activated in response to ICLs. The sensor protein that initially recognizes ICLs was recently Fig. 1 A framework of how studies on the molecular pathogenesis of FA can improve understanding of disease progression. Identifying new FA genes leads to a more complete knowledge of those proteins involved in the canonical FA pathway. Modifier pathways contribute to FA by increasing the demands of DNA repair in cells that are deficient in the FA pathway. Drivers are DNA repair-independent (non-canonical) functions of FA genes that may contribute to disease progression. Potential therapeutic approaches that arise from the studies discussed in this review are bulleted identified as UHRF1 [13] . How this protein activates the FA pathway, beyond recruiting FANCD2 to ICLs, is not understood. At some point, activation of the pathway requires the phosphorylation of certain core complex proteins, as well as FANCI. The major kinase involved appears to be the Ataxia and Telangiectasia Rad3-related (ATR) kinase [14] [15] [16] . These phosphorylations promote the reciprocally dependent monoubiquitination of FANCI and FANCD2 by the core complex.
While FANCD2 monoubiquitination is essential for ICL repair, it is, by itself, a poor marker of an efficient FA pathway. In other words, having more monoubiquitinated FANCD2 within a cell does not necessarily improve, and in some cases inhibits, ICL repair. This is exemplified by studies demonstrating that USP1-mediated FANCD2 de-ubiquitination is required for both FANCD2 foci formation and ICL resistance [17, 18] . Furthermore, Usp1-deficient mice have an FA-like phenotype [19, 20] . Why de-ubiquitination of FANCD2 is important for ICL repair is unclear, although it might prevent the accumulation of this protein at genomic sites where it cannot function [21] . In addition, a recent study suggests that disrupting the proper equilibrium between monoubiquitinated and non-ubiquitinated FANCD2 by impairing USP1 leads to aberrantly low phosphorylation of FANCI, which may impede the function of the monoubiquitinated FANCI/D2 complex [22] .
The FA proteins that act downstream of FANCI/D2 monoubiquitination are involved in various steps of the ICL repair process, ranging from unhooking of the ICL, lesion bypass with polymerase function, or homologous recombination (HR). Because mutations in such downstream genes are rare in FA, they tend to represent the more recently established players.
New genes FANCR (RAD51)
The establishment of FANCR exemplifies the heterogeneous clinical presentation of FA. FANCR was identified in a patient who presented with microcephaly, slow growth, limb abnormalities and severe learning impairment [23] . Cells from the patient tested positive by chromosome breakage, were sensitive to multiple chemotherapeutic agents, and were intact in FANCD2 monoubiquitination, suggesting a mutation in a gene that acted downstream of this modification. The clinical presentation of this patient did not include bone marrow failure. For this reason, while meeting the criteria of FA by chromosome breakage, the patient was described as FA-like.
The causal mutation in this patient was a dominantnegative missense mutation in RAD51, a protein with a well established role in HR [24] . FANCR, therefore, represents the first autosomal dominant form of FA. The mutant RAD51 protein, RAD51 A293T , was found to be impaired in DNA binding and D-loop formation, the latter being a biochemical marker of critical steps in HR. The ATPase activity of RAD51, which is essential for the HR function of the protein, was impaired in the RAD51 A293T mutant. In a separate study, a different dominant-negative RAD51 mutation (RAD51 T131P ) was identified in another FA patient [25] . Interestingly, this mutation disrupts ICL Because FANCV/REV7 has multiple activities, whether its polymerase function is the most relevant to FA is unclear repair without affecting HR, suggesting an HR-independent role of RAD51 in the FA pathway.
FANCS (BRCA1)
The identification of BRCA1 as FANCS further establishes the concept of the FA-BRCA pathway that was first proposed after the identification of BRCA2 as FANCD1 [26] . FANCS was identified in a 23-year-old female with breast cancer, multiple congenital abnormalities and an FA-like presentation [4] . As with FANCR, bone marrow failure did not occur in this patient. The BRCA1 gene in this patient carried a missense mutation in the C terminal of one allele, and a frameshift mutation in exon 11 of the other.
This study was preceded by a report describing the biallelic loss of BRCA1 in a young ovarian cancer patient with multiple congenital abnormalities [5] . While the patient exhibited increased morbidity with cisplatin treatment, it appears that a diagnosis of FA was not fully established prior to her death. Thus, the identification of BRCA1 as an FA gene, which strictly speaking requires its association with at least two FA patients, is open to question.
Whether the development of breast or ovarian cancer will be a recurring feature of FANCS patients remains to be determined. Considering that BRCA1, BRCA2 and PALB2 have been established as FA genes, it is perhaps surprising that these cancers are not seen more often as presenting malignancies in FA. For example, reported malignancies in FANCD1/BRCA2 patients are leukemias, Wilm's tumors and brain tumors [27, 28] .
FANCT (UBE2T)
Most of the recently established FA genes function downstream of FANCI/D2 monoubiquitination. An exception is the ubiquitin-conjugating enzyme FANCT (UBE2T), which interacts with the ubiquitin-ligase component of the FA core complex, FANCL, and is required for FANCI/D2 monoubiquitination. Biallelic mutations in UBE2T were first reported to be causal for the clinical findings of three FA patients. Two of the patients were reported in a Japanese study [29] . Both of these patients exhibited bone marrow failure in the first decade of life, with one developing myelodysplastic syndrome (MDS) that progressed to AML. Whole exome sequencing of these patients did not reveal mutations in previously identified FA genes, but was able to establish that each of them carried a missense mutation in one UBE2T allele. One of the patients had a large deletion, while the other had a splice donor site mutation, in the other allele.
The third patient was reported in two separate studies [30, 31] , and presented with multiple congenital abnormalities and a positive chromosome breakage assay. At the time of this review, the patient had not yet exhibited bone marrow failure. Malignancy was not reported in this patient. While whole exome sequencing of peripheral blood from the patient revealed a mutation in FANCA, western blot analysis showed normal FANCA levels. Furthermore, overexpression of wild-type FANCA did not rescue the impaired FANCD2 monoubiquitination that was observed in patient-derived fibroblasts. All other FA genes in the patient were normal by whole exome sequencing. Only RNA sequencing on patient-derived fibroblasts was able to identify decreased UBE2T RNA levels, which were subsequently found to result from compound heterozygous mutations in the UBE2T gene. This patient highlights the importance of analyzing different cell types (i.e., both fibroblasts and peripheral blood), as the patient exhibited somatic mosaicism, resulting in relatively normal UBE2T transcript levels and FA pathway function in the hematopoietic compartment. Thus, UBE2T would not have been identified as the causal gene in this patient if only peripheral blood was analyzed.
FANCU (XRCC2)
Mutations in XRCC2 were identified in a 2.5-year-old patient with congenital abnormalities that were suggestive of FA [32] . While the patient tested positive by chromosome breakage, peripheral blood counts were normal and aplastic anemia was absent. Whole exome sequencing of DNA from the patient, who was born to first cousin parents, identified germline mutations in several genes. However, complementation studies established that the RAD51 paralog XRCC2 was, in fact, the causal gene, thereby establishing it as FANCU [6] . XRCC2 acts downstream of FANCI/D2 monoubiquitination, and mediates HR by promoting RAD51 binding to double strand DNA breaks [33] .
FANCV (REV7)
To this point, the most recently identified FA genes are, based on their molecular function, consistent with the importance of FANCD2 monoubiquitination (FANCT) and HR (FANCR, FANCS and FANCU) in ICL repair. When biallelic mutations in REV7, a subunit of the DNA polymerase ζ complex, were found to cause a classical presentation of FA (including aplastic anemia) in an eight-yearold female [34] , the role of impaired translesion synthesis in the disease was suggested [35] . REV7 also plays a role in the choosing of non-homologous end joining (NHEJ) versus HR pathways. Specifically, it plays a role in suppressing HR, while promoting NHEJ [36, 37] . How losing this function contributes to the FA phenotype is not clear. Interestingly, REV7 is also involved in mitotic checkpoint regulation [38] . Studies implicating the FA pathway in this process are in their infancy [39] . The establishment of REV7 as FANCV, therefore, provides the impetus for further investigation into how the FA protein network may regulate mitosis.
Advances in whole exome sequencing have permitted the recent identification of several new FA genes. As patients with mutations in such genes are relatively rare when compared to other complementation groups (for example, FA-A), it is difficult to ascertain whether these patients will tend towards a distinct clinical course with regard to bone marrow failure and malignancy. As more FANCR to FANCV patients are identified, it is possible that the clinical spectrum of FA will broaden. This in turn may lead to the consideration of more refined clinical management strategies for different FA subtypes with regard to bone marrow failure and screening for malignancy. Such insights will require sufficient clinical data to permit reasonable conclusions.
Identification of the gene deficiencies in FA patients has obvious importance as treatment approaches involving gene therapy/editing are considered. Furthermore, as more players involved in the FA pathway, and their enzymology, are identified, opportunities to pharmacologically reactivate the pathway may arise. To date, drugs that can directly restore the function of the pathway in FA cells remain elusive. Given that greater than 90% of FA patients are unable to monoubiquitinate FANCD2, it makes sense to target this reaction for FA therapy. Yet, increasing FANCD2 monoubiquitination by inhibiting USP1, the de-ubiquitinating enzyme for FANCD2, is unlikely to restore the function of the FA pathway [17, 18] . Recent studies have focused on the basic biochemistry of the FANCD2 monoubiquitination reaction [40, 41] . In vitro studies such as these may provide critical information for the design of small molecules that can restore monoubiquitination in a manner that is therapeutically effective [42] .
New modifiers
Until more opportunities to directly restore the FA pathway are revealed, other pathways that modify the cellular and clinical phenotypes of FA deserve attention. Understanding how such modifiers can be influenced by both environmental exposures and drug targeting may lead to clinical benefit for FA patients. Two modifier pathways that have been recently identified will be discussed here (Fig. 3) .
Aldehyde metabolism and FA
Typically, while FA patients present with congenital and/ or hematological findings at the time of their diagnosis, they usually do not have a history of exposure to exogenous ICL-inducing agents. If the pathogenesis of FA does indeed involve a defect in ICL repair, then an endogenous source of ICLs in FA patients needs to be established. It had been known for some time that aldehydes, which are byproducts of normal cellular metabolism, are capable of inducing ICLs [43] . Furthermore, in a chicken cell culture system, cells deficient in various FA genes were found to be sensitive to formaldehyde [44] . However, the first in vivo evidence suggesting a role of aldehydes in FA pathogenesis involved acetaldehyde, which is metabolized by aldehyde dehydrogenase 2 (ALDH2) to acetate. Mice deficient in both aldehyde dehydrogenase 2 and Fancd2 (Aldh2−/− Fancd2−/−) exhibited a more severe FA phenotype (with regard to aplastic anemia, leukemia and congenital defects) when compared to Fancd2−/− mice, which display a mild phenotype [45] . A similar study using Fanca−/− mice in place of Fancd2−/− mice reproduced several aspects of this study, suggesting that the interaction between impaired acetaldehyde metabolic and FA pathways may be generalizable to other FA genes [46] .
An in vivo study involving formaldehyde soon followed. In addition to being a byproduct of numerous cellular de-methylation reactions, formaldehyde is present in a range of exogenous sources, hinting that lifestyle modifications may reduce exposure. Mice deficient in both the major enzyme for formaldehyde clearance, alcohol dehydrogenase 5, and Fancd2 (Adh5−/− Fancd2−/−) showed greater impairment in the bone marrow compartment, and increased dysfunction of the liver and kidneys, when compared to single knockout animals [47] .
These studies suggest that the accumulation of endogenous aldehydes, induced by disrupting key enzymes in aldehyde metabolism, is sufficient to exacerbate at least some FA phenotypes. However, establishing ICLs as the pathogenic lesion resulting from excess aldehydes remains an elusive task, as both acetaldehyde and formaldehyde are capable of inducing a range of DNA lesions [43] .
Remarkably, the findings from mouse studies were soon supported by studies of human subjects. In a study of Japanese FA patients [48] , heterozygous presence of the ALDH2 E504K allele, which suppresses ALDH2 activity in a dominant-negative manner and is present in approximately 50% of the Japanese population, was associated with a more rapid advancement to aplastic anemia. Progression to AML or MDS did not appear to be affected by the dominant-negative ALDH2. However, homozygosity of the ALDH2 E504K allele (found in three of the FA patients in this study) was associated with very rapid progression to MDS and bone marrow failure. Whether the presence of the ALDH2 E504K allele, in the context of FA, is associated with an increased risk of solid tumors remains to be determined.
The identification of aldehyde metabolism as a modifier of the FA phenotype has several clinical implications. First, identifying the ALDH2 genotype of FA patients, particularly those of East Asian descent, may be useful in determining their risk of developing bone marrow failure, and perhaps even malignancy. Second, as aldehydes exist in the environment, the importance of lifestyle modifications in the clinical management of FA patients has been increasingly recognized. Avoidance of alcohol and tobacco, for example, should be recommended to patients with FA. Third, the above-mentioned studies raise the possibility of using ALDH2 agonists in FA patients to delay the onset of bone marrow failure, and perhaps even malignancy [49] . One such agonist, Alda-1, was identified nearly a decade ago [50] .
Pharmacologically modifying aldehyde metabolism for the treatment of FA might not require new drug development. In a recent study, the widely used diabetes drug, metformin, was found to protect an FA mouse model from chromosomal breakage and the development of malignancy [51] . The authors of this study found that this protective effect of metformin is potentially mediated through its activity as an aldehyde scavenger. This unexpected mechanism of action of metformin sets a precedent to screen existing drug libraries for aldehyde detoxifying/scavenging activity. The identification of such drugs, which may have established pharmacokinetic and safety data, could expedite therapeutic opportunities for FA patients.
TGFβ signaling and FA
The association of abnormal cytokine production with FA has been recognized for some time [52, 53] . Only recently was transforming growth factor beta (TGFβ) signaling specifically identified as being hyperactive in FA patients [54] . As with many studies involving the analysis of patient samples, it was difficult to infer from this study whether this increased TGFβ signaling contributed to the progression of FA.
This issue was resolved by a recent study [55] that initially used an shRNA library screen to identify genes that, when knocked down, could rescue the MMC sensitivity of a FANCA−/− fibroblast line. Genes involved in TGFβ signaling were among the top hits from this screen. This led to experiments involving the administration of a TGFβ neutralizing antibody to Fancd2−/− mice, the result being a rescue of hematopoietic stem cell function and prevention of bone marrow failure, via a mechanism that involves the upregulation of HR and the suppression of NHEJ. The involvement of TGFβ signaling in regulating DNA repair processes has been previously reported outside of the context of FA [56] [57] [58] , as have the effects of suppressing NHEJ in FA cells [59] . The aforementioned study establishes that targeted inhibition of modifier pathways may help to circumvent the DNA repair defect in this disease.
Numerous drugs that target TGFβ signaling have been, and continue to be, developed, with ongoing clinical trials to establish their safety and efficacy, especially as oncology drugs [60] . Again, using such agents would be relatively expeditious, when compared to de novo drug design. In the setting of FA, such drugs may be clinically useful for several reasons. First, they may slow the progression of the disease with regard to bone marrow failure. Second, these inhibitors may improve the ex vivo expansion of stem cells derived from FA patients (which may have limited replicative potential [61] ), thereby overcoming a barrier to gene therapy and gene editing approaches to treatment. Third, inhibitors to this pathway may offer new opportunities to manage the development of malignancy in FA patients. This final consideration is less straightforward. As typical DNA damaging chemotherapeutic agents (such as cisplatin) are of limited utility in the treatment of cancer in FA patients, targeting a signaling pathway is an appealing alternative. However, the biology of TGFβ with regard to cancer is pleiotropic, with it being a tumor suppressor early in cancer development, and a tumor promoter later on [62, 63] . The use of TGFβ in FA patients may, therefore, have unintended consequences with regard to cancer development and progression. While the bone marrow failure component of FA appears to be favorably affected by TGFβ inhibition, further studies of the interplay between TGFβ and FA pathways in carcinogenesis are needed.
New drivers
FA is a clinically heterogeneous disease. While environmental factors may play a role in this variability, it is possible that certain FA complementation groups are deficient in non-canonical functions that may drive certain aspects of disease progression. For example, while the predominant tumor suppressor function of an FA gene is mediated through its role in ICL repair, an additional function as a transcription factor may make FA patients who are deficient in that gene particularly susceptible to solid tumors, when compared to patients from other complementation groups. Another example would be the role of FANCV/ REV7 in mitosis that was described above [38] . A discussion of autophagy as a potential driver of disease progression in FA follows (Fig. 4) .
Autophagy and FA proteins
Cells have an intrinsic ability to remove unwanted structures by degradation. The discovery of this process, called autophagy, led to the award of the 2016 Nobel Prize in Physiology and Medicine. Mitophagy specifically refers to the autophagy of damaged mitochondria. Virophagy refers to the degradation of viruses. In a recent study [64] , mice deficient in FANCC, and cells from FA-C patients, were found to be defective in both mitophagy and virophagy. This deficiency was found to be independent of the role of FANCC in DNA repair. In addition, knockdown of several other FA genes (FANCA, FANCF, FANCL, FANCD1, FANCD2 and FANCS) also impaired mitophagy, suggesting that this defect could contribute to disease progression in multiple complementation groups. These findings were, in part, validated in a separate study [65] .
The implications of defective virophagy in FA include susceptibility to viral infections, and in particular those that may play a role in tumor development, such as Human Papilloma Virus (HPV). While the role of HPV in the development of cancer in FA patients is controversial [66, 67] , the study discussed here provides a rationale for the already established guidelines of vaccinating FA patients against this virus.
Impaired mitophagy in FA patients could contribute to the generation of reactive oxygen species, resulting in both the activation of a cytokine-driven inflammatory state that contributes to bone marrow failure, and genomic damage that may further increase the risk of malignancy. The relationship between oxidative stress and FA was previously recognized [68] , and the treatment of FA patients with antioxidants has been proposed [69] . Data showing a clear benefit of this are lacking, and concerns about toxicities associated with antioxidant use should be considered. Nevertheless, the role of FA proteins in mitophagy may prompt more controlled trials involving antioxidant use in FA patients. Similar statements can be made for modulators of cytokine signaling. Indeed, the mitophagy study corroborates a previous study reporting an abnormal inflammasome response in Fancc−/− mice [70] .
While fascinating, the identification of non-canonical FA gene functions do not necessarily establish that they drive the progression of FA, even if they explain certain FA cellular phenotypes. Additional studies are needed before the contributions of impaired autophagy to FA can be fully determined.
Conclusions and future directions
In this review, we present a framework in which to consider how recent molecular studies on FA may yield new therapeutic opportunities and considerations. It is particularly satisfying that these recent discoveries are predicted by, and expand on, previous findings. The molecular biology of the FA pathway continues to bring forth fascinating insight into the mechanisms by which ICLs are repaired. As new FA genes are identified, gene therapy and editing approaches may offer therapeutic opportunities to complement or correct the relevant gene defect. From the standpoint of drugbased approaches, the molecular biology of the FA pathway has not yet yielded a clear therapeutic strategy to restore its function. However, our understanding is far from complete. Even the essential FANCD2 monoubiquitination reaction is only partially understood. Whether this process can be restored in a therapeutically meaningful way will require a more complete understanding of its biochemistry, and especially of the importance of de-ubiquitination.
The identification of modifier pathways and non-canonical functions of FA proteins, such as those discussed in this review, exemplifies the idea that therapeutic strategies may arise from indirect approaches. The ability to screen drug and genomic libraries in a high throughput manner may permit the identification of additional modifiers and drivers that could be modulated to slow progression of the disease.
FA is both a bone marrow failure syndrome and a cancer predisposition syndrome. Clinical studies that predate this review, as well as the molecular studies discussed here, have resulted in a myriad of therapeutic approaches to modify or correct the underlying cellular defect. However, these approaches have focused largely on treating the hematologic component of FA. This leaves the cancer predisposition, especially with regard to solid tumors that develop in FA patients. The obstacles to the clinical management of such cases are significant. As ICL-inducing agents are a mainstay of cancer chemotherapy, these drugs, and other DNA damaging modalities (including radiation therapy), are of limited utility in FA patients. At this time, reducing exposures (to tobacco and alcohol, for example), close monitoring and surgery feature heavily in the management of FA-related cancers. Emerging immune-based or targeted cancer therapies are currently being developed for non-FA-associated cancers [71] , and may be applicable to FA-associated cancers. However, the efficacy of such approaches will depend on whether FA-associated cancers exhibit the appropriate biology for their use.
